i ron is an essential element in hemoglobin synthesis, and iron deficiency is the most common disorder of hemoglobin metabolism, causing iron deficiency anemia in its final stage. Due to rapid growth during the first months of life and low iron intakes, infants in general, and low-birth-weight (LBW) infants in particular, are at increased risk of iron depletion and may have an iron-restricted erythropoiesis (1) . However, there is a lack of knowledge concerning homeostatic mechanisms of iron and its relation to hemoglobin synthesis during the first months of life. Due to difficulties in obtaining blood samples from infants, most of the present knowledge is based on assumptions and findings from studies in adults. We have previously showed that young infants, in contrast to older children and adults, respond to iron supplements with increased Hb synthesis, independent of iron status. Based on this finding, we suggested that regulation of erythropoiesis in infants may be different or even not completely functional (2) . The mechanism behind this, and other mechanisms of iron metabolism during the first months of life, urgently requires further understanding, to better interpret interventions and develop recommendations (3) .
One fundamental difference in infant erythropoiesis compared to the adults is the ongoing switch from fetal hemoglobin (HbF) to adult hemoglobin (HbA). With its greater affinity to oxygen, HbF enables maternal to fetal transport of oxygen during pregnancy. At birth, a sudden decrease occurs in hemoglobin synthesis, and total hemoglobin levels decrease rapidly in the newborn. As erythropoiesis becomes active again, mainly HbA is produced and a decrease in HbF can be observed, as old HbF-containing erythrocytes are gradually destroyed (4, 5) . However, also after birth, there is an ongoing synthesis of HbF, and the switch is believed to continue for several months (6, 7) . Environmental factors in infancy may affect HbF synthesis, e.g., stress erythropoiesis and hypoxia cause increased production of HbF (8) (9) (10) . However, the mechanisms behind the switch are not yet fully determined, and the possible impact of maternal, perinatal, and nutritional background factors are unclear (6, 11) . To our knowledge, interactions between HbF and iron metabolism have not previously been studied in infants.
This was originally a randomized trial of iron supplements to marginally LBW infants (birth weight: 2,000-2,500 g), with the primary aims to study the effect on iron status and long-term neuropsychological effects. The primary outcomes are already published (12, 13) . Since the cohort constitutes an excellent model for further exploratory studies of infant iron metabolism and erythropoiesis, we also included other secondary analyses and hypotheses whereof some are previously published (14) . This article reports data from our exploratory analyses of HbF. Based on our observations above, we hypothesized that a possible upregulation of HbF synthesis might occur if iron supplements are provided, which would partially explain the previously observed immature Hb response to iron supplements in infants. We aimed not only to investigate how iron supplements to infants at risk of iron deficiency affect synthesis and disappearance of HbF after birth but also to explore Flow chart for included infants is presented in Figure 1 . One infant diagnosed with β-thalassemia at 6 wk and one with AB0 immunization at birth were excluded from all analyses. Perinatal background characteristics for included infants analyzed for HbF at 6 wk, 12 wk, or 6 mo of age (n = 280) are presented in Table 1 . There were no significant differences between the intervention groups. Gestational ages at birth ranged from 31 to 40 wk, and the proportion of preterm infants (<37 wk of gestation) was 56%. The overall concentration of HbF and HbA, expressed both as absolute concentrations and as HbF fraction, are presented in Table 2 , together with iron status and other background data at each visit. There was a rapid decrease in mean HbF from 81.2 g/l at 6 wk to 8.1 g/l at 6 mo of age and a corresponding increase in HbA.
Effects of Intervention
There was a dose-dependent positive effect of the iron intervention on total Hb at 6 mo of age, suggesting an increased synthesis of Hb in iron-supplemented infants between 12 wk and 6 mo of age (Table 3) . However, as presented in Table 3 , there was no similar effect of intervention on HbF (P = 0.429). Instead, the increase in total Hb was fully explained by changes in non-HbF hemoglobin (HbA), for which the mean concentration at 6 mo were significantly increased (P < 0.001). Two infants were excluded at 6 wk due to hematological disorders. The total number of dropouts was 25, with no significant differences between the groups. In 22 cases (13 at 6 wk and 9 at 12 wk), the infants discontinued the intervention as unblinded ironsupplemented cases. These unblinded cases together with another 43 infants who were considered as poor compliers due to less than 70% of iron doses given, were excluded when the intervention group effect was analyzed (per protocol) but included in other analyses. HbF, fetal hemoglobin. 
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A nonsignificant, dose-dependent trend of decreased HbF fractions was seen in iron-supplemented groups (P = 0.213).
Associated Background Variables
In secondary univariate linear regression analyses, we further examined the correlation between absolute HbF and background variables (data not shown). At all time points, there was a strong association between HbF and postconceptional as well as postnatal age. In a bivariate model comparing the predictive value of postnatal and postconceptional ages, only postconceptional age remained significant (R 2 = 0.12, P < 0.001 at 6 wk; R 2 = 0.26, P < 0.001 at 12 wk; and R 2 = 0.09, P < 0.001 at 6 mo), suggesting that gestational age at birth does not affect the rate of HbF disappearance. The association was further explored in Figure 2 . Regression analyses including all measures revealed that the disappearance had an exponential pattern, best fit by the equation HbF (g/l) = 13,296 × exp(−0,12 × GA(wk)).
To further explore the predictive value of other baseline and background factors, we performed univariate and stepwise multivariate linear regression analyses, controlling for postconceptional age ( Table 4 ). Significant associations were found to transferrin saturation and weight at 6 wk, if the mother was European or not at 12 wk and transferrin saturation at 6 mo of life. The overall models explained 32, 27, and 12%, respectively, of the variance at 6 wk, 12 wk, and 6 mo.
DISCUSSION
In this article, we aimed to test if iron supplements to LBW infants, a group at particular risk of iron depletion, would interact with the ongoing switch from HbF to HbA. We hypothesized that an increased iron supply would be a postnatal factor that might temporarily reawaken the synthesis Articles Berglund et al.
of HbF and contribute to a decreased rate of disappearance. This hypothesis was rejected. We observed no significant differences or trends in absolute HbF levels between the groups at any time point. Instead, we observed, in concordance with previous publications from the present trial, an increased synthesis of total Hb in supplemented cases at least between 12 wk and 6 mo of age. This analysis showed that the increased synthesis included only non-HbF subgroups, causing a nonsignificant trend of decreased relative HbF levels, rather than the hypothesized opposite. Furthermore, we found no association between ferritin and absolute HbF at any age (Table 4) , further supporting that iron availability did not predict the HbF synthesis. A limitation in these conclusions is that we have performed the first analyses at 6 wk of age and not at birth. Iron status may still interact with the switch of Hb synthesis pre-or perinatally. To further explore this, analyses on cord blood would have been helpful. Another way to improve sensitivity and to better describe the synthesis at each specific time would have been to analyze HbF fraction in reticulocytes or globin mRNA levels (15).
We found one previous trial investigating the association between iron status and HbF. Adams et al. (16) studied the proportions of hemoglobin subtypes in an iron-deficient 22-y-old man with alfa thalassemia and hereditary persistence of HbF. In contrast to our findings, they suggested that iron deficiency may alter the assembly of Hb subunits and thereby change the fractions of different Hb. However, the observations in this patient with a congenital disorder might have limited relevance for the general population.
Several previous trials have explored the HbF disappearance during the first months of life. It has been shown in cord blood that newborns already have a fraction of HbA, ranging from 5 to 35% (refs. 17,18) . This confirms an already ongoing synthesis of HbA in newborns and suggests a gradual change starting before birth, rather than an abrupt switch after birth (17) . Studies of reticulocyte fractions in term, newborn infants have suggested that about 50% of synthesized Hb is HbF, rapidly decreasing during the first months of life (5, 6, 19) . Furthermore, the fraction of HbF in cord blood is inversely correlated to gestational age, decreasing with about 2.4-4% for All analyses are adjusted for postconceptional age. SGA, small for gestational age; TfR, transferrin receptor; TS, transferrin saturation.
Articles each week of higher gestation from 34 wk. This has been interpreted as if the shift from HbF to HbA is a result of gradual developmental changes (18, 20, 21) . The LBW infants of this trial were born with a wide range of gestational ages, resulting in a variety of postconceptional age at blood sampling. Thereby, we could compare the correlation to postnatal age with postconceptional age and confirm the previously established correlation to the latter. The data suggest that the rate of disappearance is not affected by birth but proceed according to a prenatally programmed pattern.
The disappearance of HbF has been described as a linear decrease by several previous researchers (4, 22) . In contrast, Gahr and Herlemann (23) suggested a sudden reactivation of HbF production at about 2 mo of age. As illustrated in Figure  2 , the rate of decrease in the present trial was better approximated to an exponential function. This corroborates the observations of Terrenato et al. (5) , who suggested that the relative synthesis of HbF decreased linearly but since the erythropoiesis suddenly drops at birth and reactivates fully at about 10 wk of age, the absolute levels of HbF rather follows an exponential decrease, very similar to what we observed.
Hemoglobinopathies, e.g., β-thalassemia and sickle cell disease, are causing great negative effect on public health worldwide (24) . Interestingly, it has been shown that the severity of these diseases is correlated to the levels of HbF and that inducing or reawakening HbF production is a promising future treatment strategy (7, 11) . In that perspective, understanding the mechanisms of the hemoglobin switch could possibly contribute to improved diagnosis and treatment of a major public health burden (7) .
Even though postconceptional age turned out to be the strongest predictor of HbF disappearance, our multivariate models suggested that it did only explain 12-26% of the variance in absolute HbF, suggesting other important contributors. Our data showed minor correlations to transferrin saturation and body weight at 6 wk of age, but the relevance of those findings is unclear and could be a type 1 error. None of the other perinatal background factor analyzed, remained significant in our models, suggesting that the hemoglobin switch is insensitive to environmental circumstances. This is in concordance with Shiao et al. (25) who analyzed HbF disappearance in preterm infants and with Bard and Prosmanne (26) who concluded that eight preterm infants born at <1,000 g and requiring prolonged intensive care and repeated blood transfusions had similar levels of HbF synthesis at term as controls.
Except for variance in laboratory analyses, other important predictors of the rate of disappearance may be genetical differences. Several genes have previously been identified, explaining differences of HbF levels in adults, however their relevance in infants is not yet determined (7, 27) . In trisomy 13, there is a delayed switch of hemoglobin, and two genes have been identified as the reason for this phenotype (28) . This trial is limited by the fact that no genetic analyses are available, and we conclude that to further explore the predictors of the hemoglobin switch, with the goal to find future interventions in hemoglobinopathies, genetic studies should be prioritized.
Conclusion
In this trial, we explored the HbF disappearance and its possible predictors in LBW infants with a wide range of gestational ages. Our hypothesis in this trial was that iron availability during the first months of life would affect the synthesis or disappearance of HbF. The hypothesis was rejected. We found no effects of iron supplementation on the concentration of HbF. Instead, we confirmed the previously established correlation to postconceptional age, supporting a genetically programmed switch, insensitive to most environmental factors.
METHODS

Study Design
This was originally a randomized, double-blinded, controlled trial of iron supplementation given to marginally LBW infants from 6 wk to 6 mo of age. There was previously a lack of data concerning benefits and harm of iron supplements to this relatively large subgroup of LBW infants, and evidence-based recommendations have been missing. The primary aims were to investigate the effect on iron status at 6 mo and the long-term effects on cognition (12, 13) . The trial was performed between March 2004 and June 2007 at two Swedish tertiary care hospitals: Umeå University Hospital, Umeå, and Karolinska University Hospital, Stockholm. Eligible infants were identified from delivery records, and parents accepting participation gave written informed consent. We enrolled 285 infants based on the following inclusion criteria: birth weight 2,000-2,500 g, no disease symptoms at inclusion, no chronic disease, no previous blood transfusion, and never received iron supplements. There were no dietary inclusion criteria and dietary habits are presented in detail elsewhere (12) . In brief, 91.5% were breastfed at inclusion and 54.3% were exclusively breastfed.
Included infants were stratified by sex and study center and randomized into three intervention groups receiving the following doses of iron supplementation: 0 mg/kg/d (placebo), 1 mg/kg/d, or 2 mg/kg/d. To keep the randomization blinded, all participants received two bottles, one for the morning dose and one for the evening dose. The iron supplement was ferrous succinate mixture (Ferromyn S; Astra Zeneca, Södertälje, Sweden), containing 3.7 mg/ml of iron. All investigators and parents were blinded to the intervention assignment as described in detail elsewhere (12) . The dose was adjusted for actual weight at 12 and 19 wk. Compliance to the intervention was monitored using a daily checklist, where parents were asked to register all doses given, and by weighing the bottles of iron/placebo before and after use. Poor compliance was defined as <70% of doses given.
